ABStR ACt. Buoyant river plumes are highly dynamic and often characterized by marked physical and chemical gradients that interact to drive biological responses.
Oceanography December 2008 INtRODUCtION Estuaries, shallow coastal waters, and continental shelves comprise only 10% of Earth's total ocean area; however, they account for at least 25% of global primary productivity and support over 90% of marine fisheries (Agardy et al., 2005) . The bulk of this productivity is ies, and production of extremely potent greenhouse gases (Pacyna and Manø, 2006) . For example, in the 1970s, signs of nutrient overenrichment, increased production of organic matter, higher rates of decomposition, and consequent hypoxia/anoxia became obvious in some coastal systems. By the early 1990s, the problem was known to be widespread and recurrent (Welsh, 1991) , with one highly publicized example being the recurring, seasonal "dead zone" in the Gulf of Mexico that has been linked to nutrient loads from the Mississippi River basin (Rabalais et al., 2002) . Recent evidence shows that individual, local dead zones have increased in spatial extent, and that the number of areas with low oxygen concentrations is increasing on a global scale (Dybas, 2005) .
These low-oxygen events combine with changes in phytoplankton assemblages driven by altered ratios of essential elements to disrupt trophic webs, including those supporting coastal fisheries of vital economic and societal importance (Kemp et al., 2005; Martinetto et al., 2006; Howarth and Marino, 2006; Vasas et al., 2007) . Although separating the deleterious effects of nutrient loading and overharvesting has proven to be difficult (Smetacek and Nicol, 2005) , recent studies have provided evidence for relating increased nutrient loading to decreased fishery yields (Lotze et al., 2006; Oczkowski and Nixon, 2008) . Unexpectedly, zones of low dissolved oxygen were present off several relatively pristine rivers and absent near rivers with obvious anthropogenic impacts (Song et al., 2001; Glenn et al., 2004) . (Morel and Price, 2003) . However, at higher levels, metals and other contaminants begin to reduce productivity either directly through lethal effects on key organisms or indirectly through uptake and trophic links, leading to accumulation of sublethal body burdens that make fish and shellfish unsuitable for human consumption. Accumulation of metals and other contaminants is a complex process.
Aqueous speciation, accumulation, and intracellular partitioning by phytoplankton; grazing rates; and excretion rates have been shown to influence accumulation of metals in a range of marine consumers (Reinfelder et al., 1998; Wang and Fisher, 1998; Wang, 2002 (Gibson, 1998) . Due to sustained anthropogenic pressures, the river is arguably the most polluted on the east coast (Adams et al., 1998) . Sewage that primarily is subject to secondary treatment flows into the lower estuary at approximately 100 m 3 s -1 (Bronson et al., 2006) . This input contributes to a nutrient loading per unit area or volume that ranks highest among large estuaries in the United States (Nixon and Pilson, 1983; National Research Council, 1993) .
In addition, the Hudson River had higher than average concentrations of 58 of the 59 chemicals monitored by the US Environmental Protection Agency, and it yielded 90% and 69% of the sediment samples that exceeded that agency's standards for total polychlorinated biphenyls and mercury, respectively, although it accounted for only 4% of the area sampled from Cape Cod through Chesapeake Bay (Adams et al., 1998) .
During spring, the Hudson River forms a buoyant plume, with discharge in April averaging 1000 m 3 s -1 (Chant et al., 2007 (Chant et al., , 2008 . During these flow regimes, approximately 90% of the inorganic nitrogen load remains unassimilated in the river and estuary, and it is transferred directly to the coastal ocean (Garside et al., 1976) . ; Malone, 1977a, b; Malone et al., 1983; Lonsdale et al., 1996) that accounted for 70-80% of the particulate organic carbon measured within the plume (Garside et al., 1976; Segar and Berberian, 1976; Garside and Malone, 1978 (Malone and Chervin, 1979) . Malone et al. (1977a) found no seasonal differences in the rates of chlorophyll a (chl-a) specific photosynthesis or light-saturation rates, which led them to attribute the seasonal succession of phytoplankton size classes to differences in sinking, grazing, advection, or dilution. Examination of sinking and grazing within the Hudson's plume revealed that only 1% of phytoplankton biomass was assimilated by adult copepods during a winter bloom as compared to 26% during a summer bloom (Malone and Chervin, 1979) .
Sinking was suggested as the likely fate for the larger phytoplankton due to an observed decline of chl-a in downstream surface waters. Earlier studies also acknowledged that local wind events, storms, river discharge, and current patterns had profound effects on spatial and temporal variability in primary producers (Malone et al., 1983) , with changes occurring within days (Small and Menzies, 1981; Dagg et al., 2004) and cascading impacts on higher trophic levels (Walsh et al., 1978) . (Morel and Price, 2003) .
The work in LaTTE was based on the premise that the same processes driving nutrient uptake, production of phytoplankton biomass, and transfer of carbon to zooplankton also will drive biological accumulation of metals 
RESPONSES OF PhytOPLANktON
The recirculating High chl-a concentrations were found at depth in the transition to the coastal current, which suggested that phytoplankton cells were sinking (Yost et al., 2007) . In addition, concentrations of key, xanthophyll-cycle pigments in the subsurface waters of this transitional region were elevated above the levels expected for cells adapted to this light climate, which also suggested rapid sinking of cells acclimated to surface conditions (Moline, 1998) . In fact, sinking rates estimated from data on pigments were comparable to previous reports of 2-4 m d -1 (Malone and Chervin, 1979; Moline, 1998) . Malone and Chervin (1979) proposed that sinking was the ; A and B) and sizefractionated primary productivity standardized to chlorophyll a concentrations (mg C mg chl a h -1 ; C and D) for seven locations sampled during LattE. Panels A and C contain results from samples taken within the recirculating eddy of the buoyant hudson River plume on dates shown, and panels B and D contain results from samples taken progressively further south within the coastal jet on dates shown (see text). Volumetric productivity was highest in the largest size class in the recirculating eddy, but biomass-specific productivity was nearly equal among all size classes and stations. Note the difference in y-axes representing volumetric and biomassspecific measures of productivity.
the recirculating eddy, and they had (Hecky and Kilham, 1974; Takahashi, 1973, 1974) . However, our data on chl-a-specific productivity suggested that carbon assimilation and associated nutrient drawdown did not differ among size classes (Figure 3 ). In fact, nutrient concentrations decreased as water moved down the coast and aged, and these decreases drove decreases in the biomass-specific rates of productivity across all size classes, with little evidence of a differential effect. Thus, the observed differences in volumetric productivity rates and biomass among size classes must have been due to other processes. primary factor causing loss of large diatoms from the winter plume based on similar observations of declining chl-a concentrations in surface waters, increasing chl-a concentrations at depth, and a lack of grazing pressure.
Although the relationship between changes in the distribution of chl-a and changes in physical forcing in this study were consistent with sinking as the primary force shaping the phytoplankton assemblage, these results do not rule out a role for differential grazing. In particular, sinking does not explain why relatively equal chl-a-specific productivity rates across all size classes in the eddy gave rise to higher biomass and more rapid volumetric productivity in the largest size class (Figure 3) . It is likely that zooplanktonic grazers responded to the physical, chemical, and biological gradients established during LaTTE (Dagg and Turner, 1982; Smith and Lane, 1988; Lonsdale et al., 1996) . )], with low concentrations in the recirculating eddy and higher concentrations in the initial portion of the coastal current and further offshore. The inset shows the log(biovolume size spectra) plotted against both log(body volume in mm 3 ) and equivalent spherical diameters in mm for stations corresponding to those shown in the background. Larger zooplankton were more numerous in the initial portion of the coastal current and further offshore.
RESPONSES OF zOOPLANktON
Grazing plays a major role in determining the fate of materials delivered to coastal regions by riverine plumes. Classical food webs emphasize photosynthetic production by net phytoplankton, grazing by mesozooplankton (200-500 µm), and predation by larger zooplankton and fish. Improved estimates of abundances and turnover rates for smaller organisms indicate that, on average, up to half of all oceanic primary production channels through bacteria (Azam, 1998) and significant amounts of production are consumed by a diverse array of zooplanktonic grazers smaller than 200 µm (microzooplankton; Calbet and Landry, 2004) . New insights into the pathways and rates comprising these trophic interactions arise continually, and an understanding of their full importance awaits further research.
A full understanding of microbial food webs is hampered by the sizes of the players and their varied and variable trophic strategies, including autotrophy, heterotrophy, and mixotrophy.
Dilution experiments provide an alternative to determining grazing rates for microzooplankton by indirect, labor-intensive, and taxonomically selective techniques (Riley, 1956; Beers and Stewart, 1971; heinbokel, 1978a, b; heinbokel and Beers, 1979; Capriulo and Carpenter, 1980; Landry and hassett, 1982) .
In dilution experiments, filtering removes macrozooplankton and mesozooplankton from whole seawater, and a finer filter removes microzooplankton from a portion of this filtrate. The two types of water are combined to create replicate treatments across a range of dilutions, and nutrients are added in excess to eliminate limitation. Concentrations of chl-a or accessory pigments are measured at the start of an experiment (P 0 ), treatments are incubated for a given time (t), and final pigment concentrations (P t ) are determined at the end of the incubation period. It is assumed that any changes in pigment concentrations are related to apparent phytoplankton growth rates (k) and instantaneous microzooplankton grazing rates (g in d -1 ) according to the formula:
Estimation of grazing rates depends on two other assumptions:
(1) the density of phytoplankton cells does not affect their growth rates and (2) grazing is not saturated so the consumption of a phytoplankton cell is solely a function of the rate at which it is encountered, which should decrease as phytoplankton and micro- 
BIOLOGICAL PROCESSING OF mEtALS
Concentrations of metals were deter- . Grazing rates were measured in experiments using samples from the three locations shown by the black circles. The upper results relate to the northern station in the recirculating eddy, the center results relate to the station in the transition from the eddy to the coastal current, and the lower results relate to the southern station in the coastal current. microzooplankton grazing rates were generally higher than mesozooplankton grazing rates, and grazing on small and medium diatoms was highest in the recirculating eddy as shown by the results for fucoxanthin. mesozooplankton grazed on cryptophytes in all size classes in the transition zone as shown by the results for alloxanthin and on larger diatoms in the coastal current as shown by the results for fucoxanthin. Note the difference in the scales of the y-axes. (Table 1) .
For example, copper concentrations in zooplankton were higher in the heart of the recirculating eddy than at its perimeter (Figure 7) , and concentrations in zooplankton were positively correlated with concentrations in both small and large phytoplankton (Figure 8 ). In contrast to copper, the concentrations of Ag and inorganic Hg were enriched in zooplankton taken from higher-salinity water near the edges of the plume. 
BROADER ImPLICAtIONS OF COAStAL BUOyANt RIVER PLUmES
The Copper enrichment in zooplankton was found in all samples, and it was strongly dependent on phytoplankton concentrations for both size classes. Copper concentrations were twice as high in the 2-20 µm fraction; however, the biomass represented by this size class was half that of the > 20 µm fraction, indicating that Cu availability was equal between the phytoplankton size classes. This result, combined with the low rates of grazing on the larger size class (see Figure 5) , suggested that the majority of the Cu enrichment in zooplankton was derived from the 2-20 µm fraction.
in bottom waters, and metal bioaccumulation ( Figure 9 ). These results also contrast with and serve to enhance our understanding of these processes in other coastal regions influenced by major rivers.
Carbon Flow
Patterns in chl-a concentrations attributed to large and small phytoplankton highlighted the main pathways for nutrient uptake and carbon fixation during the LaTTE campaign (Figure 9 ). In contrast to Lonsdale et al. (1996) who proposed that phytoplankton size structure in the lower Hudson River estuary resulted from differential growth rates, our data suggested that phytoplankton of all sizes were growing efficiently. Our Figure 9 . Conceptual model of processes observed during LattE 2005. The relative sizes of boxes with the same color indicate their relative contributions to biomass or concentrations, as appropriate. The relative sizes of arrows with the same color indicate their relative contributions to various fluxes. micro = microzooplankton grazing; meso = mesozooplankton grazing; < 2 µm, 2-20 µm, and > 20 µm = size classes for phytoplankton; Nutrients = concentrations of macronutrients; metals = concentrations of metals; Plume water = the recirculating eddy, the key physical feature observed during LattE; Shelf water = water beyond the plume and outside the coastal current; Coastal jet = the flow of water southward along the coastline of New Jersey. Within the eddy, phytoplankton rapidly assimilated nutrients, resulting in extremely high productivity rates, especially for large, chain-forming diatoms. As water exited the eddy and became entrained in a southward flowing coastal current, the taxonomic composition of the phytoplankton assemblage changed, and the size distribution shifted toward smaller size classes. In addition, larger mesozooplankton became more abundant in the coastal current. Size-specific and pigment-specific grazing rates for microzooplankton were higher than those for mesozooplankton, especially in the eddy, and combined grazing on larger phytoplankton was highest in the coastal current. Grazing pressure affected carbon transfer, with evidence that large phytoplankton escaped grazing, sank, contributed to carbon flux to the bottom waters, and increased the likelihood of low dissolved oxygen concentrations. In contrast to nutrients, metals were equally distributed between small and large phytoplankton cells, and they were transferred to zooplankton. Ultimately, metals that entered the trophic web could accumulate in higher trophic levels. Overall, the nature of interactions among physical, chemical, and biological processes had a profound influence on the transfer, transformation, and ultimate fate of nutrients, metals, and other materials in the plume. (Malone, 1971; Malone and Chervin, 1979; Chervin et al., 1981) .
The size structure of phytoplankton assemblages and the timing of coastal blooms significantly influence the transfer of carbon to higher trophic levels; thus, the trophic interactions observed here served as an excellent example of a mismatch between food availability and grazing capacity. Although the match/ mismatch hypothesis was originally applied to fisheries biology (Cushing, 1969 (Cushing, , 1990 , it is now recognized as a more general concept governing most predator-prey interactions (Durant et al., 2007; Grémillet et al., 2008) . Here, the record spring runoff led to a phytoplank- Bight, a large phytoplankton bloom, significant export of organic carbon to bottom waters, and subsequent decomposition that caused hypoxic/anoxic conditions across the shelf (Figley et al., 1979; Falkowski et al., 1980; Stoddard et al., 1986) . This large-scale event and associated economic losses prompted the initiation of long-term monitoring of dissolved oxygen concentrations in the New York Bight (Atwood et al., 1979) .
Monitoring and recent work revealed that the initial hypothesis linking low dissolved-oxygen concentrations to anthropogenic loadings may not fully explain the phenomenon (Steimle, 1978) . (Li et al., 2002) , the Pearl River (Yin et al., 2004) , and the Yellow River (Liu et al., 2003) . These systems resemble the Hudson River estuary, with strong two-layered stratification in a buoyant plume and a high flux of phytoplankton to the benthos, especially at the edge of the plume (Yin et al., 2004) . In addition, the possibility that the frequency and duration of such events will be altered under different flow regimes needs to be considered when setting minimum flows for rivers. Continued study of the relationships among coastal processes and efforts to synthesize the results of these studies will enhance sustainability of coastal resources.
Accumulation of metals

